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ABSTRACT
School of Graduate Studies
The University of Alabama in Huntsville
College/Dept.: Electrical and

Degree: Master of Science
in Engineering

Computer

Engineering

Name of candidate: Tanzeela Haroon Mitha
Title: Investigation of Transverse Electric and Transverse Magnetic Modes in
Microstrip Patch Antennas
Microstrip patch antennas are light weight and low cost antennas that are generally made
of perfect electric conducting (PEC) materials and excite the transverse magnetic (TM)
modes, when supported by a thin dielectric slab. In this thesis, a new type of patch
antennas is investigated to excite the transverse electric (TE) modes, based on
electromagnetic duality theorem. To this end, new sets of boundary conditions are
enforced through utilizing perfect magnetic conductors (PMC) instead of PEC. That is,
the zero-impedance PECs are replaced with high-impedance PMCs. Since a PMC does
not exist in nature, artificial magnetic conductors (AMC), based on unipolar compact
photonic bandgap (UC-PBG) unit cells, are employed both in the patch and the ground
plane to excite the TE modes in microstrip patch antennas. The UC-PBG unit cells are
high impedance surfaces that mimic the properties of perfect magnetic conductors. The
impedance and radiation properties of this antenna are compared to those of a
conventional microstrip patch antenna that excites the dominant TM mode. Different
ground plane sizes are investigated and compared for both PEC and PMC antennas. In
order to overcome the narrowband characteristic observed in microstrip patch antennas,
conformal wideband PEC antennas with a U-slot are studied and designed. Based on this
iv

idea, a new wideband antenna that excites the dominant TE mode is investigated. It is
found that the AMC microstrip patch antennas are smaller in size compared to the
conventional PEC patch antennas. They also suppress the unwanted surface waves, which
cause spurious radiation, and thus provide electrical isolation from the surrounding
circuits. The latter is quite beneficial in phased array antennas to reduce mutual couplings
between neighboring elements. Therefore, the PMC patch antennas may outperform their
PEC counterparts in applications, where size, surface waves, and isolation are of primary
concern.

Abstract Approval: Committee Chair
Department Chair
Graduate Dean
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CHAPTER I
Introduction
1.1 Preface
Antennas are used to radiate and receive radio waves in transmit and receive
modes, respectively. They act as transducers that convert the scalar components of
electric voltage and current from the transmitting circuit to the vector components of
electric and magnetic fields that radiate in the free space. Antennas thus behave as
transitional structures between the free space and guiding devices such as transmission
lines, coaxial cables, or waveguides that transfer electromagnetic power from the source
to the antenna. In the 1890‟s, antennas were rudimentary devices that were primarily used
to experimentally demonstrate the transmission of electromagnetic waves. However, by
the end of World War II, they became so ubiquitous that they were used even by average
people with a radio or a television. In the 21st century, antennas have become an
important part of everyday life. They are present in almost all forms of wireless
communication systems, for which antennas are required to confine the radiating power
in a specific direction and/or suppress it elsewhere. As such, they serve as directional
devices along with probing devices. Thus, various forms of antennas are designed to meet
the different needs. The most common types of antennas are wire antennas,
waveguide/horn antennas, microstrip patch antennas, and reflector and lens antennas [1].
Each antenna is designed for the basic purpose of transmitting and/or receiving
electromagnetic waves for a specific angular coverage in space. Today, different antenna
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designs are available that significantly enhance the spatial radiation characteristics to
meet the ever-increasing requirements in emerging wireless communication systems.
Among aforementioned antenna types, microstrip patch antennas are studied in
this thesis, as they are inexpensive, low profile, light weight, can be adapted to planar and
conformal surfaces, and are easily integrated with other microwave circuits in mobile,
radio and wireless communication applications. These antennas consist of a metallic
patch, printed on a grounded dielectric slab. Conventional microstrip patch antennas are
made of perfect electric conductors (PECs) and excite the transverse magnetic (TM)
modes. The PEC surface tends to support surface waves as it has zero surface impedance.
These surface waves degrade the antenna radiation and also increase the mutual coupling
between the radiating elements in the array antennas. In order to suppress surface waves,
high impedance surfaces such as electromagnetic bandgap (EBG) and photonic bandgap
(PBG) materials are utilized. These materials replicate the behavior of perfect magnetic
conductors (PMC) within a particular frequency bandwidth. If this material is used on
both the patch and the ground plane of the microstrip patch antenna, the properties of the
patch antenna will be dual to those of a patch antenna made from PEC material. This new
type of artificially engineered magnetic antenna will excite the transverse electric (TE)
modes instead of the TM modes. Thus, a microstrip patch antenna that excites the TE
modes can be designed using artificially engineered materials with high impedance
surfaces.
Microstrip patch antennas, made from PEC material that excite the TM modes,
are inherently narrow band antennas with a bandwidth of ~ 1% to 2% [2]. The patch
antennas, exciting the TE modes, also exhibit this narrow band property. Large
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bandwidths are necessary to transmit large amounts of data especially in the field of
wireless communication and radar. To improve the bandwidth of the antenna, without
increasing the antenna dimensions axially or laterally, a U-shaped slot is cut out from the
PEC patch antenna as reported in [3]. This increases the bandwidth of the antenna by
30%. Due to their varied applications, the wideband patch antennas may need to be
mounted on different curved surfaces and their planar structure may prove to be a
hindrance. To overcome this, conformal wideband antennas are also investigated in this
thesis.
The idea of wideband U-slot patch antenna is further extended to the patch
antennas that excite the dominant TE mode. Such wideband antennas are attractive
candidates for both military and commercial applications for high speed data
communications. To provide physical insight into radiation mechanism of the new type
of PMC antennas, both TE and TM modes of the microstrip patch antenna, operating at
their dominant modes, are investigated in this thesis by applying proper boundary
conditions to their respective cavity models.

1.2 Research Objective
The main objective of this thesis is to investigate the dominant TE and TM modes of a
rectangular microstrip patch antenna. This is achieved by the following steps:


Investigate a new type of microstrip patch antenna made of artificial magnetic
conductors (AMC) that excites the TE10 mode.



Compare the characteristics of conventional patch antennas that excite the TM10
mode to those of the AMC patch antennas that excite the TE10 mode.
3



Study a conformal wideband PEC patch antenna that can be mounted on curved
surfaces and used for wideband wireless communication systems.



Apply the concept of wideband PEC antennas to develop a wideband AMC
antenna that can be used in the field of communication.

1.3 Thesis Overview
A brief outline of this thesis is given below:
Chapter I introduces the topic of antennas and focuses on PEC and PMC microstrip patch
antennas that excite the TE and TM modes, respectively. It defines the research objective
and gives outline for the thesis. Chapter II briefly discusses the background theory of
microstrip patch antennas. It introduces the concept of high impedance surfaces and its
applications in antennas and electromagnetic devices. Chapter III contains the cavity
model of the PMC microstrip patch antenna and compares the characteristics of the ideal
PEC patch antenna with those of an ideal PMC patch antenna. It gives detailed
information about the design of a new microstrip patch antenna that excites the TE10
mode using AMCs. Chapter IV compares the antenna characteristics of the designed PEC
and AMC antennas that excite the TM10 and TE10 modes, respectively. The effect of
ground plane size on the radiation properties of both PEC and AMC antennas is also
numerically investigated. Chapter V focuses on planar and conformal wideband antennas,
comparing their characteristics in terms of frequency bandwidth and cross polarization.
Chapter VI applies the U-slot technique to the newly developed AMC patch antenna to
obtain a wideband patch antenna that excites the fundamental TE10 mode. Chapter VII
4

compares the simulated and experimental results of the designed AMC microstrip patch
antenna supporting the TE10 mode. Chapter VIII concludes and summarizes the results of
the thesis and presents ideas for future work.
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CHAPTER II
Literature Review and Background Theory
2.1 Introduction
Microstrip patch antennas are low profile antennas that are conformable to planar
and non-planar surfaces. These antennas find their application in the field of mobile,
radio and wireless communications, where the size, weight, and cost are constraints.
Microstrip patch antennas are conventionally made of PEC. They consist of a metal patch
and a metal ground plane separated by a thin dielectric slab, which excites the TM modes
and radiates due to the equivalent magnetic currents at the radiating edges of the patch
[2].
Perfect electric conductors ideally have zero surface impedance and thus support
surface waves. These waves do not contribute to the overall radiation but in turn cause
interference and ripples in the main radiation pattern [5-6]. High impedance surfaces can
be used in order to suppress these surface waves and improve the overall radiation
pattern. These surfaces act as filters and block the surface waves that flow along the
metal sheet. They exhibit infinite impedance within a particular frequency band called the
forbidden frequency band [7]. High impedance surfaces also exhibit properties that are
similar to perfect magnetic conductors within their forbidden frequency band. Perfect
magnetic conductors do not exist in nature; however, they can be artificially engineered
using the available material. Such artificial magnetic conductors (AMCs) have been used
as ground planes in order to realize low-profile antennas and improve their overall
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radiation performance. Electromagnetic bandgap (EBG) structures and unipolar compact
bandgap (UC-PBG) structures are some of the popular high impedance surfaces to
suppress the surface waves and reduce electromagnetic interferences and mutual coupling
between the radiating elements in array antennas.

2.2 Background Theory of Microstrip Patch Antennas
Microstrip patch antennas are light weight and low-profile antennas that are
simple and inexpensive to manufacture using the printed circuit board technology. The
idea of the microstrip antenna is traced back to 1953 but gained considerable recognition
in 1970‟s [1]. Most of the microstrip patch antennas available today are made of metal
conductors, exciting the TM modes. These antennas are generally used in aircrafts,
spacecraft, missiles, mobile phones, as well as in the form of arrays for long distance
communications. Some of the major disadvantages of microstrip patch antennas are their
low efficiency, narrow frequency bandwidth, and poor scan performance. Despite this,
microstrip patch antennas find their application in the field of wireless and mobile
communication.
Ordinarily, a microstrip patch antenna is a two-layered structure with a
conducting patch and a ground plane, in the top and bottom layers, respectively,
separated by a dielectric substrate as shown in Fig. 2.1. The dielectric constant of this
substrate may range from 2.2≤Ԑr≤12 [2]. Thick substrates with low dielectric constants
provide better efficiency, larger bandwidths and loosely bound radiation fields. On the
other hand, thin substrates with high dielectric constants are desired for microwave
circuitry as they require tightly bound fields to minimize undesirable radiation and
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coupling. The radiating patch and the feed lines are generally printed or photo etched on
the substrate. The square, rectangular, dipole, and circular patch configurations are
popularly used as they are easy to analyze and fabricate, exhibiting attractive radiation
characteristics. Some of the common feeding techniques used in microstrip patch
antennas are microstrip line, coaxial probe, aperture coupling, and proximity coupling
[2]. The patch antenna can be analyzed using the transmission line, cavity model, and full
wave modes. The transmission model is the easiest of all but is not very accurate.
Compared to the transmission-line model, the cavity model is more accurate but at the
same time is more complex. The full wave model is very accurate and versatile; however,
it is also the most complex model and gives very little physical insight.

(a)

(b)

Fig. 2.1 (a) Top view and (b) side view of a PEC microstrip patch antenna fed by a 50Ω SMA
probe that excites the TM modes

2.2.1 Fringing Effect:
As the electric field flows along the length of the patch, it encounters a
discontinuity due to the finite size of the patch. This causes the electric field to undergo
fringing at the edges making the antenna look electrically longer than its physical
dimension, as shown in Fig. 2.2. The fringing effect takes place along the length and
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width of the rectangular patch [2]. The amount of fringing depends on the length and
width of the patch, height of the substrate and the dielectric constant ԑr.

Fig. 2.2 Fringing effect of microstrip antenna due to finite patch size

An effective dielectric constant ԑeff is introduced to account for the electromagnetic waves
that travel in both the substrate and the air. As most of the waves travel in the substrate,
the value of the effective dielectric constant ԑeff is closer to the dielectric constant of the
substrate ԑr. The effective dielectric constant can be calculated by:

√

where

and

(2.1)

are the relative permittivity and effective permittivity of the substrate,

respectively. h is the substrate height and Le is the effective length of the patch, which
will discussed in the following section.

2.2.2 Effective Length:
Due to the fringing effect, the electrical length of the microstrip antenna looks
greater than its physical dimension. The dimension of the patch along the length is
extended on each end by length ΔL, as illustrated in Fig. 2.3.
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x

y

Lf

Fig. 2.3 Top View of antenna showing the effective length

The fringing length of ΔL is approximately calculated by,
)*

(
(

)

+
(

)

(2.2)

where Le is the effective length of the patch. The physical length of the microstrip patch
antenna, denoted by L, is then calculated by:
(2.3)

The width of the rectangular microstrip patch antenna is usually selected by
W=1.5L to obtain an efficient radiator. If the patch and ground plane are made from PEC
material, the dominant mode of the antenna is the TM10 mode. In general, the resonant
frequency

of a TMmn mode is given by [2],

√

√( )

( )

(2.4)

where c is the speed of light in free space. Here, m, n are the mode index numbers, a and
b are the effective lengths and widths, depending on the mode of operation. In order to
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excite the dominant mode, i.e. the TM10, the corresponding mode index numbers are
m=1, n=0. Thus, with a=Le, the resonant frequency of the TM10 mode is:
(2.5)

√

For the microstrip patch excited by a 50Ω SMA probe, as shown in Fig. 2.3, the position
of the probe, denoted by

, is determined by calculating the conductance of the patch,

i.e. GB, as follows:
[

(

)
(

)

][

(

)]

√

(2.6)

(2.7)
(2.8)

where ko is the wave number in free space, R0 is the impedance of SMA probe, which is
50 Ω, and η is the intrinsic impedance of free space, equal to 120π Ω.

2.2.3 Electric and Magnetic Field Equations
Based on the cavity model [1], the electric and magnetic field equations of a
microstrip patch antenna operating at the TM10 mode with an infinite ground plane can be
summarized as follows:

(

)

(

(
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(2.9)
)

)

(2.10)

(2.11)

(

where

, Y=

and Z=

)

(2.12)

. These equations are used to

plot the radiation patterns of the antenna at the dominant TM10 modes, backed by an
infinite ground plane.

2.3 High Impedance Surfaces
The patch and ground plane of microstrip patch antennas are generally made of
metal. The main disadvantage of using a metal sheet is that it supports surface waves [4,
5]. These electromagnetic waves are bound to the interface between free space and metal.
At microwave frequencies, they behave as normal AC currents on an electric conductor.
The metal ground plate radiates the plane waves into free space, but also generates
currents along its surface. These surface waves do not contribute to the main antenna
radiation. They are scattered near the edges of the finite ground plane and cause multi
path interference, which gives rise to spurious radiation, seen as ripples in the far-filed
radiation patterns [6]. Moreover, if the ground plane is shared by multiple antennas the
surface waves may cause undesirable mutual coupling.
2.3.1 High Impedance Surface Structure
The surface properties of the metals can be altered by introducing an interference
on the smooth conducting surface. However, the size of this interference must be
comparable to the wavelength. Ideally, the smooth conducting surfaces have zero surface
impedance. But by introducing an interference of a specific geometry, the surface
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impedance increases.

Sievenpiper proposed a mushroom like structure [7, 8] that

consisted of a lattice of metal plates connected to a solid metal sheet by vertical
conducting vias, as shown in Fig. 2.4. If the protrusions of these mushroom like
structures are small compared to the wavelength, lumped circuit elements such as
capacitors and inductors can be used to describe their electromagnetic properties. The
gaps between the metal plates introduce the capacitance and the long conducting vias,
connecting the metal plates to the ground, introduce the inductance. Thus, the mushroom
structure behaves as a parallel resonant LC circuit, as shown in Fig. 2.5, acting as an
electric filter. This filter blocks the currents flowing along the surface of the metal sheet.

(a)

(b)

Fig. 2.4 (a) Top view and (b) Side view of the high impedance mushroom structure proposed in
[8]

This mushroom like structure introduces an unusual impedance on the relatively
smooth surface. The surface waves that are supported by this structure are different than
those supported by a smooth metal sheet. This structure supports the tightly bound TM
modes as well as the TE modes. They are bound to the surface at particular frequencies
but radiate at the other frequencies. The frequency band for which the surface has high
impedance is called the forbidden gap. Within this forbidden gap, there exists a small
13

amount of tangential magnetic field that can be completely suppressed by the high
impedance structure. The surface can thus behave as a magnetic conductor within this
forbidden bandgap. Perfect magnetic conductors do not exist in nature, however, they can
be engineered artificially using these high impedance surfaces.

Fig. 2.5 The equivalent LC circuit for the mushroom structure proposed in [8]

2.3.2 Applications of High Impedance Surfaces
Smooth conducting metal surfaces are generally used in antennas as reflectors and
ground planes but they reverse the phase of the reflected wave and support the
propagation of surface waves. High impedance surfaces are formed by introducing a
texture to the conducting surface. This textured surface prevents the propagation of
surface waves and reflects in-phase, rather than out of phase as a metal surface [9]. Due
to these properties, the high impedance surfaces find their application in electromagnetic
structures, especially as ground planes for low profile antennas. High impedance surfaces
are important for antenna applications as they have the property to partially isolate the
radiating elements from the nearby electromagnetic surroundings. The surface current
suppression property of this material can be useful in the field of portable telephony [10]
to prevent the antenna in the phone from radiating half of the emitted power into the
user‟s head. In addition to the 3 dB drop in the radiation efficiency of the antenna, this
may have adverse biological implications. These high impedance surfaces can also be
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used in circuits to prevent the interference between radiating elements and thus help in
reducing the overall electromagnetic noise [11]. It can be used as an interface between
the right- and left-handed polarization components to reduce the interference in the
antennas used in communication systems. This helps to improve the symmetry of
radiation patterns and axial ratios of circularly polarized antennas [12].
A metamaterial is an artificial material whose electromagnetic property does not
exist in nature. They are artificially engineered to show properties such as negative
electric permittivity, negative magnetic permeability and negative refractive index [13].
The idea of metamaterials was first introduced by Victor Veselago in 1968 [14].
Metamaterials are artificially fabricated from composite materials such as metal and
plastic. These materials are arranged in a particular order so that they derive their
properties due to their structure and not due to the properties of their base materials. The
electric permittivity ε and magnetic permeability μ of this material can be altered to form
a variety of new materials each with a distinct electromagnetic property. Earlier,
metamaterial structures generally consisted of unit cells comprising of thin wire strips
and split ring resonators to synthesize negative permittivity and permeability [15-19].
Metamaterial based antennas were proposed to provide size miniaturization and better
radiation performance, as well as a way to overcome the restrictive bandwidth efficiency
limitations for small antennas [20].
There are several other types of engineered impedance surfaces, such as reactive
impedance surface (RIS), artificial magnetic conductor (AMC), electromagnetic bandgap (EBG) structures, and unipolar compact photonic band gap (UC-PBG) surfaces. The
RIS can be tuned anywhere between PEC and PMC surfaces, thus showing the ability to
15

achieve optimal bandwidth and miniaturization factor [21-22]. EBG structures have been
integrated with patch antennas to improve their performance over the bandgap, where the
surface wave suppression takes place. They are generally used as ground planes for
spiral and curl antennas to achieve low profile design [23, 24]. The perfect electric
conductor has an 180ᵒ phase reflection for a normally incident plane wave, while a
perfect magnetic conductor has a 0ᵒ reflection phase. The electromagnetic bandgap
structures can behave as a PMC causing 0° phase reflection within the forbidden
frequency band [25]. However, the reflection phase of an EBG surface varies
continuously from +180o to -180o versus frequency. This makes the EBG surface unique
and is thus used as a ground plane for a wire antenna with a low-profile design for
wireless communication systems.
The unipolar compact photonic band gap (UC-PBG) surfaces, which are also
classified as high impedance surfaces, can be used in antenna engineering to improve the
antenna characteristics [26-28]. These structures do not have any vias. They consist of a
metallic periodic pattern etched on a ground dielectric slab. These structures reduce the
cost of manufacturing and make the design more compatible with the standard monolithic
microwave integrated circuits (MMIC‟s). They also have a wider forbidden bandgap
region as compared to the EBG structures. The periodic pattern has a lattice of closely
spaced unit cells that are connected to each other by strips [29]. The structure can be
realized by a two-dimensional LC circuit with capacitance given by the adjacent edges of
the pads and inductance realized by the connecting strips. These unipolar compact
bandgap structures suppress the surface waves on the ground plane, reduce
electromagnetic interference between radiating elements, and decrease the overall size of
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the antenna without degrading its radiation and impedance matching [30]. This structure
also behaves as an AMC within its forbidden frequency band. A high impedance,
artificial magnetic conducting patch and ground can be created by applying the UC-PBG
pattern on both the patch and ground planes. Such an AMC microstrip patch antenna is
developed in this thesis to excite the TE modes.

2.4 Summary
In this chapter, the design procedure has been reviewed for a microstrip patch
antenna made of PECs, exciting the dominant TM10 mode. Such antennas support surface
waves, which causes disruption in the radiation pattern and deteriorates the antenna
efficiency. High impedance surfaces can be used to suppress these unwanted surface
waves. Some of the well-known high impedance surfaces are the artificial magnetic
conductor (AMC) or electromagnetic band-gap (EBG) structures and unipolar compact
photonic band gap (UC-PBG) surfaces. These surfaces are used as the ground plane in
antennas to enhance the radiation performance. They prevent mutual coupling between
the antenna elements when used in array structures. The sizes of these surfaces are
comparable to their operational wavelength. These surfaces behave as LC circuits that
block the flow of surface waves along the metal sheet. They can be used in analog and
digital switching circuits and telephone handsets to isolate the radiating elements from
the nearby electromagnetic surroundings to prevent interference, improve radiation
efficiency and reduce electromagnetic noise.
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CHAPTER III
Microstrip Patch Antenna with TE Modes
3.1 Introduction
A rectangular microstrip patch antenna can excite the transverse electric (TE)
modes if it is made of perfect magnetic conductors (PMC). As PMCs do not exist in
nature but their properties can be replicated using artificial magnetic conductors (AMCs).
In order to understand the basics of a PMC patch antenna, we study its cavity model
under ideal conditions. The cavity model is used to determine the electric and magnetic
field equations of a PMC antenna. This model is dual to that of an ideal PEC patch
antenna. Based on this model, AMC surfaces are utilized both in the patch and the
supporting ground plane to excite the TE modes [31]. The AMC antenna under
investigation employs unipolar compact photonic bandgap (UC-PBG) structures as high
impedance surfaces. They are periodic structures that are uniformly distributed on the
patch and the ground plane. The radiation and physical characteristics of the designed
AMC antenna are compared to those of a PEC antenna. The AMC antenna is found to be
smaller in size than its PEC counterparts, while exhibiting similar characteristics. Thus,
the AMC patch antenna can replace the conventional PEC antennas in applications where
there is a limitation on the available area.
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3.2 Cavity Model of a PMC Patch Antenna
The transverse electric modes can be excited in a microstrip patch antenna if the
patch and the ground plane are made of PMC. In order to understand the basics of this
antenna, we analyze its cavity model in a dual form of the conventional PEC microstrip
antenna. The cavity model of a PMC patch antenna is represented by two perfect
magnetic conductors that form the top and bottom of the cavity and perfect electric
conductors that form the side walls, as shown in Fig. 3.1, where the cavity is placed in the
X-Y plane and the direction of propagation is parallel to the Z-axis.

Fig. 3.1 Cavity model of the proposed antenna with PMC patch and ground planes

As both the patch and ground plane are PMCs, the boundary condition is:

i.e.

the tangential component of the magnetic field is zero. Thus, the equivalent electric
current density on these surfaces becomes zero, as
⃗

̂

⃗⃗

(3.1)

After applying image theory, the equivalent magnetic current density will be zero,
⃗⃗⃗

, on the PMC patch and ground plane. The side walls of the cavity are PECs,

whose boundary condition is

i.e. the tangential component of the electric field

is zero. Thus, the equivalent magnetic current density on the side walls become zero:
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⃗⃗⃗

⃗⃗

̂

(3.2)

The corresponding electric current density on the side walls are given by,
⃗

⃗⃗

̂

(3.3)

For the TE modes, the electric field in the z direction is zero, i.e.
non-zero magnetic field in the z direction, i.e.

along with a

, which is determined based on the

wave equation as follows:
(

(

)

(3.4)

)(

)(

)

(3.5)

Applying boundary conditions:
at z=0 and z=h;

|

,

(3.6)

at x=0 and x=a;

|

,

(3.7)

at y=0 and y=b;

|

,

(3.8)

As the height is much smaller than the wavelength, i.e. h<<λ
(

)
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(

)

(3.9)

Fig. 3.2 Cavity model of a PMC patch antenna at the TE10 mode with radiating slots
parallel to the Y-axis

On the y apertures:
(

)

(3.10)

And
(

)

(

)

(3.11)

On the x apertures
(

)

(

)

(3.12)

And
(

)

(3.13)

For the dominant TE10 mode, the mode indices are m=1 and n=0. Therefore, the
equivalent electric current densities are expressed as,
At the y apertures
⃗⃗⃗⃗
⃗⃗⃗

⃗⃗

̂
̂

(3.14)
̂
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⃗⃗⃗

⃗⃗⃗⃗

̂

⃗⃗⃗

̂

(3.15)

⃗⃗

̂

(3.16)
( ̂ )

⃗⃗⃗

̂

(3.17)

At the x apertures
(

⃗⃗⃗⃗

)

⃗⃗⃗

̂
⃗⃗⃗

(

⃗⃗

̂

̂

⃗⃗⃗⃗

)
⃗⃗⃗

̂

̂
⃗⃗⃗

̂

(3.18)

(

)̂

(

)

⃗⃗

(3.19)

(3.20)

(

)̂

(

)

(3.21)

From the above equations, it is clear that the x apertures are the non-radiating apertures
and the y apertures are the radiating ones. The magnetic field equations of the PMC
antenna exciting the TE10 modes can be determined from:
(3.22)

(3.23)

where,
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)

∬(

(3.24)

=2H0(

)

(3.25)

and
∬(

)

=2H0(

(3.26)

)

(3.27)

For both the apertures together, we take array factor
(3.28)

AF=1+

(3.29)

AF=2
where

, Y=

, and Z=

Thus, the electric field equations of the PMC microstrip patch antenna, operating at the
TE10 mode, are:
(

)

(

(3.30)

(

)

(3.31)

(

)

(3.32)

)

(3.33)

In practice, AMC surfaces are used within a certain frequency band to mimic the
properties of a PMC patch antenna, which can excite the TE mode.

Herein, high

impedance surfaces such as the unipolar compact photonic bandgap (UC-PBG) structures
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are used to replicate magnetic conducting properties in the patch and ground planes of the
antenna under study.

3.3 Comparison of PEC and PMC Patch Antennas
The properties of the PMC patch antenna can be realized by applying the duality
theorem to the PEC antenna. The boundary conditions and thus the cavity model of a
PMC antenna are dual to those of a PEC antenna, as shown in the preceding section. For
the dominant mode, the resonant length of the patch is about half wavelength. Therefore,
the PEC antenna excites the TM10 mode, whereas the PMC antenna excites the TE10
mode. The difference between an ideal PEC and PMC patch antenna are briefly
summarized in Table 3.1. By comparing the cavity models of the PEC and PMC
antennas, it was found that the electric field equations of the PEC antenna are similar to
the magnetic field equations of the PMC antenna. One of the major differences realized
while designing a PMC microstrip patch antenna is that the width of the antenna is 1.5
times smaller than the length i.e.

, which is opposite to the design format of a

PEC microstrip patch antenna, where the width is 1.5 times the length of the antenna
i.e.

. This reduces the total area of the TE10 microstrip patch antenna by ~44%

and makes it much smaller than the TM10 patch antenna. The PMC patch antenna is thus
desirable in applications where limited space is available. The third row of Table 3.1
shows the estimated sizes of the PEC and PMC antennas at the TM10 and TE10 modes,
respectively. However, as the overall aperture size of the PMC patch has decreased, the
gain of the antenna also decreases which leads to an increase in the antenna beamwidth.
Other than this, the performance of the PMC antenna is similar to that of the PEC
antenna.
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Probe feed technique, e.g. the standard 50Ω SMA, is widely used to excite
microstrip patch antennas. These probes use inductive coupling to transfer the power to
the patch. Patch antennas may also be excited by capacitive coupling using an L-probe
[32]. However, the microstrip patch antennas that are made of PMC material cannot be
excited using inductive coupling as it would violate the boundary conditions on the
cavity. Thus, the PMC patch antennas are excited using an L-probe to transfer the power
to the patch using capacitive coupling. In order to excite the TM modes with linear
polarization, the feed is generally placed along the length of the PEC antenna. By
principle of duality, the feed of the PMC antenna is placed perpendicular to the resonant
length of the antenna. The PMC antenna is thus excited by an L probe that is
perpendicular to the length of the antenna. This is illustrated in the geometry of the TE
and TM patches in Table 3.1. The radiation patterns of the PEC and PMC antennas with
infinite ground plane are electromagnetically dual to each other as shown in the last row
of Table 3.1. The E- and H-plane radiation patterns are swapped, i.e. for the PEC antenna
the E-plane pattern is wider than the H-plane, and vice versa for the PMC antenna. The
surface of the PEC antenna generally consists of a smooth metal plate that ideally has
zero surface impedance. The PMC antenna, on the other hand, ideally has infinite surface
impedance. But as perfect magnetic conductors do not exist in nature, artificial magnetic
conductors are engineered to provide high impedance surfaces, as described in Chapter II.
These artificial magnetic conductors are used to design a microstrip patch antenna that
excites the TE10 mode, which will be presented in section 3.5.
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TABLE 3.1: Comparison between PEC and PMC antenna operating at the TM10 and TE10
modes, respectively
PEC Patch Antenna at the TM10 mode

PMC Patch Antenna at the TE10 mode

Electric field equations

Magnetic field equations

(

)

(

(

)

(

)

Y=

Y=

Z=

Z=
Dimensions
L λd/2, W 1.5L, A=1.5L2

Dimensions
L λd/2, W L/1.5, A=L2/1.5

Estimated size of the PEC microstrip patch
antenna

Estimated size of the PMC microstrip
patch antenna

Radiation patterns of PEC antenna over
infinite ground plane

Radiation patterns of PMC antenna over
infinite ground plane
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3.4 Structure of the UC-PBG Material
The properties of PMCs can be replicated by using artificially engineered material
such as unipolar compact photonic bandgap UC-PBG structures [33, 34]. When unit cells
of the UC-PBG structures are uniformly distributed and periodically repeated over a
surface, the surface behaves as an artificial magnetic conductor. The microstrip patch
antenna made of this AMC material, with about half-wavelength resonant length, excites
the TE10 mode. The top view of the unit cell is shown in Fig. 3.3. The dark area
represents the PEC material. Each unit cell is 6.6x6.6mm, which is placed 0.635mm
above a PEC ground plane. The Rogers RO3010 substrate [35] with a relative dielectric
constant of ԑr=10.2 is filled between the two PEC layers. The performance of the unit cell
is studied by ANSYS HFSS v.18 [36]. The reflection phase diagram of the unit cell is
shown in Fig. 3.4, where an infinite periodic structure is assumed. This unit cell attains
zero reflection phase at 5.2GHz, meaning that at this frequency the engineered structure
replicates a PMC material. However, for practical applications, the structure to some
extend acts as an AMC within a frequency band, over which the reflection phase varies
by ±45°. As per Fig. 3.4, this corresponds to a bandwidth of 39.9%, covering the
4.03GHz to 6.04GHz frequency range. The final parameters of the unit cell are
Lu=6.6mm, t1=0.2mm, t2=0.35mm, l1=2.5mm l2=4.8mm. The reflection phase response of
the unit cell is not very sensitive to small variations in the parameters of t1, t2, l1 and l2. A
representative example is shown in Fig. 3.5, where the value of „t1‟ is varied from 0.2mm
to 0.4mm. The size of the unit cell, denoted by Lu, is a key factor to tune the frequency
band of the UC-PBG. The corresponding results are shown in Fig. 3.6, where Lu changes
from 6.6mm to 10.6mm and the remaining parameters of the unit cell are kept constant. It
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is observed that the effective frequency region reduces as the value of Lu increases. The
reflection phase graph is limited from -180° to 180° hence the graph folds when its value
varies beyond -180°. As Lu increases, the frequency at which the graph folds decreases,
thus reducing the overall forbidden band from 39.9% to 31.4%.
Lu

l2
Lu

t1

t2

t1

l1

Fig. 3.3 Top view of the unit cell that is periodically repeated in the patch and ground plane;
Lu=6.6mm, t1=0.2mm, t2=0.35mm, l1=2.5mm l2=4.8mm; the dotted line denotes the periodic
boundary

Fig. 3.4 Reflection phase diagram of the infinite array of the unit cell shown in Fig. 3.3 the blue
area represents the forbidden bandgap region, resulting in 39.9% fractional bandwidth
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Fig. 3.5 Variation in the reflection phase of the infinite array of the unit cell, as the value of „t1‟
changes from 0.2mm to 0.4mm

Fig. 3.6 Variation in the reflection phase of the infinite array of the unit cell, as the value of Lu
increases from 6.6mm to 10.6mm
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3.5 AMC Microstrip Patch Antenna Geometry
The new type of microstrip patch antenna, exciting the TE10 mode, consists of a
radiating patch and ground made of AMC on either side of the substrate. The side view of
the antenna geometry is shown in Fig. 3.7. The AMC patch and ground consists of a
metal plate on one side of a thin dielectric layer and uniformly distributed UC-PBG unit
cells shown in Fig. 3.3 on the other side. The detailed description of the AMC patch and
ground plans are given in sections 3.5.1 and 3.5.2, respectively. The thin dielectric layer
(Rogers RO3010) used in the AMC material has permittivity ԑr=10.2 and height
h1=0.635mm. The AMC patch and ground planes are separated by a substrate with height
1.4mm and dielectric constant ԑr=1 (air). The TE mode is excited in this AMC antenna by
an L-probe connected to a 50Ω SMA connector. The position of the L-probe and the
vertical and horizontal lengths of its arms are varied in order to get the best impedance
matching as depicted in Fig. 3.8. The exact position and height of the L-probe is
determined using this parametric study. The vertical arm of the cylindrical probe has
radius rv=0.7mm and height Lv=0.8mm and it is placed at an offset of Lf=6.75mm from
the center of the patch in the y-direction. The horizontal arm of the L-probe has radius
rh=0.3mm and length Lh=15mm. The magnetic field flows along the length of the patch
and the electric field flows along the width as the orientation of the horizontal arm of the
L-probe is perpendicular to the length of the patch. This causes the AMC antenna to
excite a TE mode.

30

z

Lf
Fig. 3.7 Side view of the AMC antenna with UC-PBG unit cells in both the patch and the ground
plane excited by an L-probe with vertical length Lv=0.8mm, horizontal length Lh=15mm and
placed at an offset of Lf=6.75mm from the center

(a)

(b)

(c)
Fig. 3.8 The effect of (a) L-probe positions (b) vertical length (Lv), and (c) horizontal length (Lh)
of the L-probe on the S11 of the AMC antenna shown in Fig. 3.7
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3.5.1 AMC Patch Configuration
The AMC patch configuration with the uniformly distributed UC PBG unit cells
is shown in Fig. 3.9. The patch of the antenna consists of a PEC metal plate with
dimension of L×W = 0.5 ×0.33 on top of a dielectric layer (Rogers RO3010) with
permittivity ԑr=10.2 and height h1=0.635mm, where λ is the wavelength in free space at
operating frequency of 4.78GHz. The dimensions of the dielectric layer are Lg×Wg =
0.84 ×0.84. The patch consists of 15 UC-PBG unit cells placed as a 3×5 matrix below
the dielectric layer. The metal plate along with the dielectric layer and the unit cells
together form the AMC patch that exhibits magnetic conductor behavior within the
frequency bandwidth of the unit cells. Conventional PEC patches in microstrip antennas
that excite the TM10 mode are designed to have a width that is 1.5 times the length i.e.
W=1.5L for proper impedance matching, preventing the excitation of unwanted higher
order modes, and improving the antenna efficiency. In contrast, the AMC patch
developed in this thesis, which excites the TE10 mode, has a width that is 1.5 times
smaller than its length i.e. W=L/1.5, as per electromagnetic duality theorem. As the width
of the AMC patch is smaller than that of the PEC patch when the length is kept constant,
the overall size of the patch is reduced by 44%. This new type of AMC patch excites the
TE10 mode, which is much smaller than its counterpart TM10 patch.
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(a)
(b)
Fig. 3.9 (a) Top view of the patch with PEC metal plate with dimension L×W=33mm×19.8mm
(b) Bottom view of the patch with unit cells placed exactly below the PEC metal plate

3.5.2 AMC Ground Plane Design
The ground plane of the AMC patch antenna consists of a PEC metal plate of
0.84×0.84 placed under a dielectric material (Rogers RO3010) with permittivity
ԑr=10.2 and height h1=0.635mm. The dielectric has 64 UC-PBG unit cells uniformly
distributed above it as an 8×8 matrix. The UC-PBG unit cells along with the dielectric
material and the metal plate together form the AMC ground plane. This ground plane
behaves as a high impedance magnetic material within the frequency band of the UCPBG unit cells and suppresses the surface waves that cause distortion in the overall
radiation pattern. The top and bottom views of the AMC ground plane are shown in Fig.
3.10.
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(a)

(b)

Fig. 3.10 (a) Top View of the ground plane with unit cells uniformly distributed across the
surface. (b) Bottom view of the ground with of PEC metal plate with dimension
Lg×Wg=52.8mm×52.8mm

3.6 Comparison of AMC and PEC Microstrip Patch Antennas
First, a PEC microstrip patch antenna operating at the TM10 mode is investigated
near the same resonant frequency of the AMC antenna in section 3.5. Then, the results of
this antenna are compared with those of AMC patch antennas that excite the TE10 mode.
The width of the patch is 1.5 times its length in the PEC antenna. The patch has
dimensions L×W=0.5×0.75 where λ is the wavelength in free space at operating
frequency of 4.8GHz. The ground plane size is Lg×Wg=0.84×0.84. The patch and
ground are separated by a layer of air (ԑr=1) of height 1.4mm. The TM10 mode is excited
in this antenna by a cylindrical L-probe connected to a 50Ω SMA connector. The
horizontal arm of the L-probe has a radius of rh=0.2mm and a length Lh=15mm. The
vertical portion of the L-probe has a radius of rv=0.7mm and length Lv=1.3mm and is
placed at an offset of Lf=6.75mm away from the center parallel to the x-direction. The
electric field flows along the length of the patch and the magnetic field flows along the
width, as the horizontal arm of the L-probe is oriented parallel to the length of the patch.
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This causes the PEC antenna to excite the TM10 mode. The antenna geometry along with
the L-probe is shown in Fig. 3.11.

x

y

(a)
z

Lf
(b)
Fig. 3.11 (a) Top view of the patch with PEC antenna showing the antenna patch dimensions
L×W=28mm×42mm. (b) Side view of the PEC antenna excited by an L-probe with vertical
length Lv=1.3mm and horizontal length Lh=15mm placed at an offset of Lf=6.75mm from the
center

The PEC antenna and the AMC antenna designs in section 3.5 and 3.6 are
compared. It is noted that the overall size of the patch for the PEC antenna is 1176mm2
and that of the AMC antenna is only 653.4mm2. Thus, the size of the patch is reduced by
~44%. Both antennas have a resonant frequency of about 4.8 GHz. The frequency
response of the PEC antenna is compared to that of the AMC antenna in Fig. 3.12a and
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Fig. 3.12b, respectively. The bandwidth of the AMC antenna is wider than that of the
PEC antenna. The PEC antenna has bandwidth of 2.9% while the AMC antenna has a
bandwidth 6.2%. Due to this, both the antennas are classified as narrow band antennas.

BW=2.9%

BW=6.2
%

(a)

(b)

Fig. 3.12 (a) Frequency response of the PEC antenna in Fig. 3.11 with bandwidth 2.9% (b)
Frequency response of the AMC antenna in Fig. 3.7 with bandwidth 6.2%

The radiation patterns of the PEC and AMC antenna over a finite ground plane of
52.8mm×52.8mm are compared in Fig. 3.13a and Fig. 3.13b. The gain of the PEC
antenna is 10.95 dBi and that of the AMC antenna is 8.7 dBi. Thus, the gain of the PEC
antenna is ~2dB more than that of the AMC antenna. The half power beamwidth of the
AMC antenna is wider than that of the PEC antenna.

This occurs due to the

miniaturization of the AMC antenna. The smaller aperture size reduces the gain and
increases the antenna bandwidth. The radiation pattern for both antennas appears to be
symmetric for a ground plane size 52.8mm×52.8mm. However, if the ground plane size
is varied the radiation properties of the antennas may change. It is thus necessary to
further study the effect of the ground plane size on the radiation of both PEC and PMC
antennas. The results will be presented in Chapter IV.
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θ

θ

(a)

(b)

Fig. 3.13 Radiation patterns of patch antennas operating at the (a) TM10 mode and (b) TE10 mode
at the principal planes of =0° and =90°

3.7 Summary
In order to understand the basics of a microstrip patch antenna made of PMCs, its cavity
model was studied under ideal conditions. This model is dual to that of an ideal PEC
antenna. The electric and magnetic field equations of the PMC patch antenna were
determined with the help of this model at the dominant TE10 mode. The ideal PEC
antenna parameters and characteristics were compared to those of an ideal PMC antenna.
Some of the major distinguishing factors observed are:


The electric field equations of an ideal PEC patch antenna are similar to the
magnetic field equations of an ideal PMC patch antenna.



The length and width of the PEC patch at the TM10 mode are L≈0.5λd, W≈1.5L
respectively, whereas the PMC patch at the TE10 mode has a length L≈0.5λd and
width W≈L/1.5. This reduces the overall size of the PMC patch by 44% as
compared to that of the PEC patch.
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The radiation patterns of both antennas over an infinite ground plane are
electromagnetically dual to each other. For a PEC antenna, the E- plane is wider
than the H-plane and for the PMC antenna the H-plane is wider than the E-plane.



As the size of the PMC patch decreases the overall aperture size decreases thus
reducing the overall gain of the antenna and broadening its beamwidth.



The PMC and PEC patch antennas excite the dominant TE and TM modes,
respectively.

Based on these criteria, an AMC microstrip patch antenna was designed using a
unipolar compact photonic bandgap (UC-PBG) unit cells.

The UC-PBG unit cells

behave as magnetic conductors within their forbidden frequency band. An L-probe was
used to excite the TE10 mode within this AMC antenna. The position of the probe is
perpendicular to the length which is opposite to that of a PEC antenna. The AMC antenna
was compared to an equivalent PEC antenna which had the same resonant frequency.
Different characteristics such as frequency response and radiation patterns were
compared and it was discovered that the despite the reduction in size the AMC antenna
showed similar properties to a PEC antenna. Thus, the new AMC patch antenna retains
the desired properties of a PEC patch antenna and provides additional benefits.
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CHAPTER IV
Effect of Ground Plane Size on the Antenna Parameters
4.1 Introduction
The ground plane size of a microstrip patch antenna plays an important role in
determining antenna parameters such as frequency response, bandwidth, gain, cross
polarization and half power beamwidth (HPBW) [37]. Microstrip patch antennas made of
both PEC and PMC materials show variation in these parameters due to change in their
ground plane size. In this chapter, the effects of the ground plane size on the AMC and
PEC patch antennas developed in sections 3.5 and 3.6, respectively, are discussed. Both
the AMC antenna and the PEC antenna have square shaped ground planes (i.e.
Lg=Wg=Lgnd) that are varied from 39.6 mm to 92.4 mm. The ground plane size is
increased with a step of two-unit cells from the length as well as the width of both the
AMC and PEC antenna. The ground plane for which both the AMC and PEC antennas
show symmetric radiation pattern is determined. The parameters such as gain, bandwidth,
and cross polarization of both these antennas are compared with respect to their varying
ground plane sizes to determine which antenna shows better performance at different
ground plane sizes.

4.2 Frequency Response and Bandwidth
The resonant frequency of both the PEC and the AMC antennas does not vary
much with the variation in the ground plane size. The resonant frequency of the PEC and
AMC antennas remains stable around 4.81 GHz and 4.78 GHz, respectively. Both
antennas show a similar trend in the frequency response with respect to variation in the
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ground plane size. Table 4.1 summarizes the resonant frequencies at different ground
plane sizes in the PEC and AMC antenna.

Table 4.1: Resonant frequencies for different ground plane sizes of the PEC and AMC
antennas
Ground plane size

PEC Antenna
Resonating frequency

AMC Antenna
Resonating frequency

Lgnd (mm)

fr (GHz)

fr (GHz)

92.4

4.813

4.780

79.2

4.814

4.783

66

4.817

4.780

52.8

4.814

4.787

39.6

4.788

4.757

It is observed that the frequency bandwidths of the PEC and AMC microstrip
patch antennas also remain stable around 2.9% and 6.3%, respectively, as the ground
plane size is varied. Thus, the frequency bandwidths of the PEC and AMC antennas are
not sensitive to the ground plane size either. The bandwidth of the AMC antenna is 3.4%
wider than that of the PEC antenna at the different ground plane sizes. Table 4.2 lists the
realized frequency bandwidths as the ground plane size of both the PEC and AMC
antennas are varied.
Table 4.2: Fractional bandwidth for different ground plane sizes of the PEC and AMC
antennas
Ground plane size

PEC Antenna

AMC Antenna

Lgnd (mm)

Bandwidth (%)

Bandwidth (%)

92.4

2.91

6.29

79.2

2.90

6.26

66

2.88

6.33

52.8

2.94

6.28

39.6

3.01

6.51
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4.3 Half Power Beamwidth (HPBW) and -6dB Beamwidth
In this section, we examine the effect of the ground plane size on the half power
beamwidth and the -6dB beamwidth of the PEC and AMC antennas. As the ground plane
size increases from ~0.63d to 1.1d, it is observed that beamwidths of the AMC antenna
in the E- and H-planes are very close to each other with just a few degrees apart. Here, d
is the dielectric wavelength at the operating frequency of 4.78 GHz. The AMC antenna
attains equal bandwidths, i.e. symmetric radiation patterns, when the ground plane is
around 0.84d. As the ground plane size increases above 1.1d the difference in the
beamwidth of the E- and H-plane grows, leading to an asymmetric radiation pattern. Fig.
4.1 shows the variation in the HPBW and -6dB beamwidth of the AMC antenna. Fig. 4.2
shows the symmetric radiation patterns of the AMC antenna at the principal planes of 
=0° and =90° when the ground plane size is 0.98d.


Fig. 4.1 The impact of different ground plane sizes on the HPBW and the -6dB beamwidth of the
AMC antenna at the principle planes
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θ

Fig. 4.2 Radiation patterns of the AMC antenna at its principle planes when ground plane size is
0.98d

The ground plane size also controls the HPBWs and the -6dB beamwidths of the
PEC antenna. The E- and H-plane beamwidths of the antenna are around 15° apart when
the ground plane is 0.63d, where d is the dielectric wavelength at the operating
frequency of 4.81 GHz. As the ground plane size increases, the E- and H-plane
beamwidths seem to converge. The radiation pattern is almost symmetric when the
ground plane is about 1.5

, which is considerably larger than its counterpart TE patch

antenna. Fig. 4.3 shows the variation of the half power beamwidths and the -6dB
beamwidths with respect to the ground plane size of the PEC antenna. The symmetric
radiation pattern of the PEC antenna is shown in Fig. 4.4 at the principal planes of  =0°
and 0°, when the ground plane size is 1.5d. Thus, it is observed that symmetric
radiation patterns are realized in the PMC antenna with much smaller ground plane size
than the PEC antenna.
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Fig. 4.3 The impact of different ground plane sizes on the HPBW and the -6dB beamwidth of the
PEC antenna at the principle planes
θ

Fig. 4.4 Radiation patterns of the PEC antenna at its principle planes when ground plane size is
1.5d

4.4 Gain and Cross Polarization
Antenna parameters such as gain and cross polarization are also affected by the
ground plane size. The size of the AMC antenna designed in section 3.5 is 44% less than
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that of the PEC antenna designed in section 3.6. Due to this reduction in the aperture size
of the antenna, the gain of the AMC antenna is observed to be less than that of the PEC
antenna by ~1-2dB. Figs. 4.5 and 4.6 show the gain and cross polarization of the AMC
and PEC antenna, respectively, for different ground plane sizes. The cross polarization of
the AMC antenna is observed to be 2-5dB less than that of the PEC antenna at the
different ground planes, except when the ground plane size is around 1.1d. The
aforementioned cross polarization is measured at the diagonal planes, where the cross
polarization reaches its maximum level based on Ludwig‟s 3rd definition [38]. The AMC
antenna shows maximum gain of 9.2 dBi when the ground plane is ~0.85d and its cross
polarization is -20 dB. The PEC antenna has a maximum gain of 11.08 dBi for a larger
ground plane of ~1.05d with almost same cross polarization level of -20.5 dB. Figs. 4.7a
and b compares the co-polar and cross-polar radiation patterns of the AMC and PEC
antennas at ground plane size ~0.68d where the cross polarization of the AMC patch
antenna is ~5dB less than that of a PEC patch antenna.

Fig. 4.5 Variation in gain and cross polarization of the AMC antenna as ground plane size
increases from ~0.6d to ~1.5d
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Fig. 4.6 Variation in gain and cross polarization of the PEC antenna as ground plane size
increases from ~0.6d to ~1.5d

θ

θ

(a)

(b)

Fig. 4.7 Co-polar and cross-polar radiation patterns of (a) AMC antenna with ground plane size
~0.68d and (b) PEC antenna with ground plane size ~0.68d

4.5 Summary
The effects of ground plane size on the antenna parameters such as frequency
response, gain, bandwidth, half power beamwidth, -6dB beamwidth, cross polarization,
and efficiency were investigated. It was observed that the frequency response and
bandwidth of both the PEC and AMC antennas did not vary much with the change in
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ground plane size. Both the PEC and AMC antennas showed a constant bandwidth of
2.9% and 6.3%, respectively. The AMC antenna showed symmetry in its half power
beamwidth and the -6dB beamwidths at small ground plane sizes, while the PEC antenna
exhibited symmetry at larger ground plane sizes. As the overall aperture size of the PMC
antenna is smaller than that of the PEC antenna by about ~44%, the overall gain of the
antenna reduces by a ~1 or 2dB. The cross polarization of the AMC antenna was 2-5dB
less than that of the PEC antenna at the different ground planes.
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CHAPTER V
Wideband Patch Antennas with TM Mode
5.1 Introduction
Microstrip patch antennas are extensively used in wireless and mobile
communications, radar systems, aircrafts, and space applications. Large bandwidths are
necessary to transmit large amounts of data and to enhance resolution in radar systems.
Conventional microstrip patch antennas are inherently narrowband structures in the order
of 1%-2% [2]. Coupled-tuned resonant techniques, on the patch and/or the supporting
ground plane, can be used to realize a wide bandwidth microstrip patch antenna. Some of
the early techniques to increase the bandwidth of the antenna include adding parasitic
patches in a single-layer [38-39] or stacked configurations [40]. However, this increases
the lateral and axial dimensions of the antenna, respectively. Huynh and Lee [3] proposed
a novel wideband technique for single-layer printed patch antennas, in which a U-slot is
cut from the conducting patch. This increased the bandwidth by 30% without the need of
parasitic patches. Other wideband antenna designs, with about 30% bandwidth, have been
reported in the literature, such as the E-slot, C-slot, and V-slot antennas [42-44]. The Uslot antenna has been further studied and analyzed by varying the slot parameters to
develop design procedures and formulas [45-47]. The formulas are used to estimate the
structure‟s multiple resonating frequencies that are eventually coupled together to widen
the frequency band. Due to their varied applications, the wideband antennas may need to
be mounted on different curved surfaces and their planar structure may prove to be a
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hindrance. To overcome this, conformal wideband antenna operating at the TM10 mode
are studied in this chapter.
A conformal wideband microstrip patch antenna made of PEC material with a Uslot that provides ~40% frequency bandwidth is initially designed. This wideband
antenna is then placed over a cylindrical conformal structure to further investigate its
frequency bandwidth and radiation characteristics. The antenna properties including gain,
input impedance, reflection coefficients, radiation patterns, cross polarization, and
frequency bandwidth are studied by varying the curvature parameters such as arc angle
and radius of the cylindrical structure, as well as the substrate thickness. The frequency
bandwidth of the conformal patch antenna increases to about 50% with an enhanced cross
polarization performance in the order of -15 dB at the diagonal plane, which is 5 dB less
than its planar wideband antenna counterpart. The concept of wideband PEC antenna can
be extended to AMC antennas as well, which will be discussed in Chapter VI.

5.2. Design of Planar Wideband Patch Antenna
The planar microstrip antenna consists of a radiating patch made of PEC on one
side of a dielectric substrate and a ground plate on the other side. Wideband behavior is
induced in this microstrip antenna by cutting a U-shaped slot from its patch. The currents
along the edges of the slot introduce an additional resonance, which couples to the
resonance of the patch and thus produces a broadband frequency response. The geometry
of the planar U-slot patch antenna is shown in Fig. 5.1. The dimensions of the patch and
the ground plane are 18.4×10mm and 40×40mm, respectively. A U-shaped slot of
thickness 0.625mm is cut from the center of the patch. The vertical and horizontal lengths
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of the slot are 6.15mm and 7.45mm, respectively. The patch is printed on a grounded
dielectric substrate with a height of 3.175mm and permittivity of εr=2.2. The patch is
excited by a 50Ω coaxial probe, which is located at 0.25mm off the center of the patch.
This antenna is numerically designed to obtain a bandwidth of ~40%, which is a
wideband antenna. The frequency response of the antenna is shown in Fig. 5.2.

(a)

(b)
Fig. 5.1 (a) Top-view and (b) Side-view of the planar U-slot patch antenna, printed on a
40mm×40mm grounded dielectric slab with h=3.175mm, and εr=2.2
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BW = 40%

Fig. 5.2 Frequency response of the planar U-slot patch antenna shown in Fig. 5.1

5.3 Conformal Wideband Microstrip Patch Antenna Structure
The U-slot antenna, shown in Fig. 5.1, is now mounted over a sector of a
cylindrical structure with a radius of 25.64mm and an arc angle that can vary from 80° to
120°, as denoted by r and α in Fig. 5.3, respectively. The dimensions of the microstrip
patch antenna are kept constant as the arc angle is varied. Figs. 5.3a and 5.3b show top
view and side view of the conformal microstrip antenna mounted over a cylindrical sector
with an arc angle α=100° and a radius of r=25.46mm. The planar and conformal
wideband antenna structures are numerically analyzed using a finite-element based fullwave Electromagnetic solver, ANSYS HFSS v.18 [36].
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Lg=44.43mm

(a)

(b)
Fig. 5.3 (a) Top-view and (b) side-view of the proposed conformal wideband antenna placed on a
cylindrical mounting structure, with h=3.175mm, α=100° and r=25.46mm

The scattering parameters, S11, for both planar and conformal structures are
plotted and compared in Fig. 5.4. It can be seen that by conforming the U-slot patch on
the aforementioned sector of the cylindrical structure, the -10dB frequency bandwidth of
the antenna increases to ~50%, resulting in 10% improvement which is quite significant.

51

The frequency response of the conformal antenna shows three distinct resonating
frequencies that couple together to form a wideband response.

Fig. 5.4 Comparison of the frequency bandwidths of the planar and conformal U-slot patch
antennas shown in Figs. 5.1 and 5.3

5.4 Parametric Studies
In this section, the effects of arc angle and radius of curvature of the conformal
structure, as well as the substrate height on the antenna frequency bandwidth are studied.
This enables one to determine the exact antenna parameters to realize maximum
fractional bandwidth without substantially degrading the radiation properties.
5.4.1 Varying the Arc Angle
In order to study the effect of the arc angle on the frequency bandwidth of the
conformal patch antenna under investigation, the radius of the cylindrical conformal
structure is kept constant at 25.46mm and the arc angle is varied. The corresponding
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frequency response is shown in Fig. 5.5. It is observed that as the arc angle changes from
80° to 120°, the frequency bandwidth increases up to ~48% at =100° and decreases
thereafter. This shows that the conformal U-slot antenna, with a 100° arc angle, has ~6%
more bandwidth than its planar version. The frequency bandwidth of different arc angles
is summarized in Table 5.1 shows.
Table 5.1: Fractional bandwidth of planar and conformal U-slot antennas for different arc
angle
Arc angle α

Bandwidth (%)

180° (Planar Patch)

42.4

120°

46.4

110°
100°
90°
80°

47.5
48.1
45.8
45.7












Fig. 5.5 Frequency response of the conformal U-slot antenna with r=25.46mm, as arc angle α
varies from 80° to 100°
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5.4.2 Varying the Radius of Curvature of the Conformal Structure
In this section, the arc angle of the conformal structure is kept at 100°, at which
~50% bandwidth is achieved. Now, the radius of the cylindrical sector is varied from
15.46 to 35.46 mm. The results are depicted in Fig. 5.6. It is observed that the conformal
antenna now exhibits much wider bandwidth in the order of ~53%, when the radius of
curvature is equal to 15.46mm. The bandwidth extends from 7.1 GHz to around 12.2
GHz, almost covering the X-band. This conformal structure provides 10% more
bandwidth than its planer counterpart. Table 5.2 lists the realized frequency bandwidths
as the radius of the cylinder antenna varies.
Table 5.2: Fractional Bandwidth for Different Cylinder Radii Compared with the Planar
Antenna

Conformal
With
Radius
(mm)

Antennas

Bandwidth (%)

Planar Patch

42.4

35.46

47.1

30.46

46.4

25.46

48.1

20.46

45.2

15.46

52.8
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Fig. 5.6 Frequency response of the conformal wideband antenna with α=100° and radius of
curvature varying from 15.46mm to 35.46 mm

5.4.3 Varying the Thickness of the Substrate
Planar U-slot patch antennas require a thick substrate in order to obtain ~30%
bandwidth. The planar U-slot antenna shown in Fig. 5.1 has around 40% bandwidth with
a substrate height of 0.15λ, where λ is the free space wavelength at the frequency of 9.4
GHz. In order to reduce the overall size of the antenna and still achieve ~40% bandwidth,
the conformal antenna is further investigated by decreasing substrate heights from
3.175mm to 2.6mm and 2.8mm. The results are shown in Fig. 5.7 and they are compared
with that of h=3.175mm. It is observed that the bandwidth slightly decreases for the thin
substrate. Interestingly enough, the bandwidth of the conformal U-slot antenna is still
above 40% when the thickness decreases to 2.6mm, thus maintaining its wideband nature
and still covering most of the X-band. The results of Fig. 5.7 are obtained for a radius of
15.46mm and an arc angle of 100°.
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Fig. 5.7 Frequency response of the conformal U-slot patch antenna with α=100°, r=15.46mm, and
substrate height varying from 3.175mm to 2.6mm

5.5 The Radiation Patterns and Cross Polarization
The radiation patterns of the planar U-slot patch antenna are compared with those
of the conformal antenna at three distinct frequencies of 7.4 GHz, 8.4 GHz and 9.4 GHz.
It is observed that the peak gain of the conformal wideband antenna drops by about 1 dB,
compared with the planer antenna. This is expected, as the overall aperture area becomes
smaller when the patch is mounted on the conformal structure. The corresponding
radiation patterns at the principal planes are plotted in Figs. 5.8 and 5.9 for the planar and
conformal U-slot antennas, respectively, at the selected of 7.4 GHz, 8.4 GHz and 9.4
GHz. Interestingly, it is found that the cross-polarization component of the conformal Uslot patch antenna is 5 dB less than that of the planar U-slot antenna, thus improving the
antenna polarization performance. It is worth mentioning that the aforementioned
improved cross polarization occurs in the diagonal plane, at which the cross polarization
reaches to its maximum level based on Ludwig‟s 3rd definition [38]. The improved cross
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polarization discrimination is mainly due to the partial cancellation of the decomposed
cross polarization components due to the curvature of the mounting structure. As a
representative example, Fig. 5.10 shows the co-polar and cross-polar radiation patterns of
the planar and conformal U-slot patch antenna at the frequency of 7.4 GHz. As the
frequency increases beyond 10.5 GHz, higher order modes are excited which result in
saddle-shaped radiation patterns in the conformal antenna. This change in the radiation
patter occurs for the planar structure at 9.75GHz. Thus, the bandwidth of the conformal
antenna for which the radiation pattern is broadside is ~40% and that of the planar U-slot
antenna is ~32%. The maximum cross polarization at the diagonal plane for the broadside
radiation pattern of the conformal antenna is 5 dB less than that of the planar U-slot
antenna, as depicted in Fig. 5.11.

θ

(a)

θ

(b)

θ

(c)

Fig. 5.8 Radiation patterns of the planar U-slot patch antenna shown in Fig. 5.1 at (a) f=7.4 GHz
(b) f=8.4 GHz and (c) f=9.4 GHz
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θ

θ

θ

(a)

(b)

(c)

Fig. 5.9 Radiation patterns of the conformal U-slot patch antenna shown in Fig. 5.3 with
r=15.46mm and = 100° at (a) f=7.4 GHz, (b) f=8.4 GHz and (c) f=9.4 GHz
θ

θ

(a)

(b)

Fig. 5.10 Co-polar and cross polar radiation patterns of (a) the planar U-slot patch antenna and (b)
conformal U-slot patch antenna with r=15.46mm and =100° at f=7.4 GHz
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Fig. 5.11 Cross polarization at the diagonal plane of  =45o for the planar and conformal antenna
over the frequency, for which the antenna shows broadside radiation pattern

5.6 Summary
Microstrip patch antennas are used in the field of communication and radar
systems. Large bandwidths are necessary to transmit large amounts of data and to
enhance resolution in radar systems. However, microstrip patch antennas are inherently
narrow band in the order of 1-2%. A number of techniques can be adopted to increase the
bandwidth of these antennas, of which the U-slot technique in the patch was used to
increase the bandwidth by about 40%. As this wideband antenna may require to be
mounted on curved surfaces, a cylindrical conformal structure and its frequency
bandwidth and radiation patterns were investigated. Different parameters of this structure
including arc length, radius of the cylinder, and the substrate thickness were varied to
study their effects on the antenna properties such as gain, cross polarization, input
impedance and frequency bandwidth. It is found that the resultant conformal patch
antenna further increases the frequency bandwidth to 50%, without degrading radiation
properties of the antenna. It is also observed that with the conformal structure, thinner
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substrates can be used without compromising the frequency bandwidth. The frequency
bandwidth of this conformal antenna is widened by a factor of 1.2 and has an enhanced
cross polarization performance in the order of -15 dB at the diagonal plane, which is 5 dB
better than its planar wideband antenna counterpart.
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CHAPTER VI
Wideband Microstrip Patch Antennas with TE Modes

6.1 Introduction
The microstrip patch antennas made of both PEC and AMC material, excited by
L-probes, are still narrow band antennas with maximum bandwidth of 3-6%. In emerging
wireless communications and radar systems, however, large bandwidths are necessary to
transmit massive amounts of data and to enhance the resolution in radar systems. The Uslot technique is used to enhance the bandwidth of a microstrip patch antenna by 30%. If
an L-probe is used to excite a U-slot rectangular PEC patch antenna the bandwidth is
increased by 40% [48]. In this chapter, the AMC antenna presented in Chapter III is
further investigated for wideband applications by implementing a U-slot in its patch
layer. The wideband AMC antenna designed supports the TE10 mode and is excited by an
L-probe and shows a bandwidth of about 40%. Due to the inherent size reduction
property of the AMC antenna, the size of the AMC U-slot antenna would be smaller than
the PEC antenna.

6.2 Wideband AMC Antenna Design
The wideband AMC antenna designed in this section is similar to the AMC
antenna designed in section 3.5. It consists of an AMC patch, where the U-slots are
applied to both periodic layer and ground layer. Similar to PEC antenna structure in
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section 5.2, the wideband characteristics are obtained due to the U-shaped slot in the
AMC patch. The AMC patch and ground planes, of this wideband antenna, are further
explained in sections 6.2.1 and 6.2.2 respectively. The patch and the ground planes are
separated by a layer of air (ԑr=1) with height of h=6.4mm.The antenna excites the TE10
mode by a cylindrical L-probe connected to a 50Ω SMA connector and oriented
perpendicular to the length of the patch. The vertical arm of the L probe has radius
rv=0.635mm and length Lv=5.535mm, and the horizontal has radius rh=1.1mm and length
Lh=15mm. The L-probe is placed at an offset of Lf=7mm from the center of the ydirection. This antenna is numerically designed to obtain a bandwidth of ~41%, which
makes it suitable for wideband wireless communications. The side view of this wideband
AMC antenna is shown in Fig. 6.1.
z

Lf
Fig. 6.1 Side view of the wideband AMC antenna with UC-PBG unit cells in both the patch and
the ground plane excited by an L-probe with vertical length Lv=5.535mm, horizontal length
Lh=15mm and placed at an offset of Lf=7mm from the center in the y-direction
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6.2.1 Antenna Patch Geometry
The wideband AMC patch designed in this section is similar to that designed in
section 3.5.1. This AMC patch consists of a PEC metal plate of dimension
placed over a dielectric material Rogers RO3010 with permittivity ԑr
=10.2, height h1=0.635mm and is 89.2 89.2mm wide. The patch of the PMC antenna
consists of 28 UC-PBG unit cells placed as a 4 7 matrix exactly below the metal part on
the other side of the dielectric material. The metal plate along with the dielectric layer
and the unit cells together form the AMC patch that displays magnetic behavior within
the frequency bandwidth of the unit cells. A U-slot is cut out along the length of the
antenna, from both PEC part of the patch as well as the UC-PBG unit cells. The two short
arms along the width are Ws=6mm long and the longer arm of the U-slot along the length
of the antenna is Ls=46mm. The entire U-slot has a uniform thickness of 1mm. The
longest arm Ls is at a distance of 4mm from the edge of the patch while the shorter arms
are 2mm from the edge.
Conventional wideband PEC antennas with a U-slot are designed to have a width
that is 1.75 times the length i.e. W=1.75L for proper impedance matching [45]. In
contrast, the width of the wideband AMC patch designed in this thesis is 1.75 times
smaller than its length, as per Electromagnetic duality. As such, the overall size of the
antenna now reduces by 50%. Therefore, a new type of wideband AMC patch operating
at the TE10 mode is proposed with 41% bandwidth, which is 50% smaller than the
conventional U-slot patch antennas. The top and bottom view of the AMC patch layer is
shown in Fig. 6.2
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(a)

(b)

Fig. 6.2 (a) Top view of the patch with PEC metal plate with U-slot (b) Bottom view of the patch
with unit cells and U-slot placed exactly below the PEC metal plate with dimensions
L×W=46.2mm× 26.4mm

6.2.2 Antenna Ground Geometry
The ground plane of the AMC patch antenna consists of a PEC metal plate, which
is 89.2 89.2mm wide and is placed below a dielectric medium (Rogers RO3010) with
permittivity ԑr=10.2 and height h1=0.635mm. It has 144 UC-PBG unit cells placed above
the dielectric material as a 12 12 matrix. The UC-PBG unit cells along with the
dielectric material and the metal plate together form the AMC ground plane. Fig. 6.3
shows the top and bottom view of the ground plane. The matrix of the UC-PBG unit cells
placed at the center of the patch above the ground plane. There is a 10mm gap between
the unit cell matrix and the edges of the patch. This 10mm gap enables the mounting of
the patch on the ground without affecting the unit cells on the ground plane.
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(a)

(b)

Fig. 6.3 (a) Top view of the ground that consists of a 12x12 matrix of unit cells (b) Bottom view
of the ground that consists of PEC metal plate

6.3 Numerical Results
The U-slot antenna designed in section 6.2 shows ~41% bandwidth, ranging from
3.1 GHz to 4.8 GHz, as depicted in Fig. 6.4. It is observed that the antenna has three
distinct resonating frequencies of 3.2 GHz , 3.9 GHz and 4.6 GHz below the -10dB line.
It should be noted the bandwidth of this design is very sensitive to the length of the
longer arm (Ls) of the U-slot. Any minor variations in the slot can drastically affect the
frequency bandwidth. This is manily because of the strong interaction of the U-slot with
the unit cells of the engineered magnetic material in the patch layer.
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BW=41%

Fig. 6.4 Frequency response of wideband U-Slot AMC antenna exciting the TE10 mode

It is observed that the gain of the wideband AMC antenna does not remain stable
within this frequency bandwidth. The gain versus frequency graph is shown in Fig. 6.5.
The gain gradually increases and reaches a maximum value of 8.4 dBi near the frequency
of 3.3GHz and oscillates thereafter. This is due to the effect of the U-slot on the effective
unit cell bandwidth. Nonetheless, the gain variation is less than 2 dB within its frequency
bandwidth.

BW=41%

Fig. 6.5 Peak gain of the wideband U-slot AMC antenna shown in Fig. 6.1 against frequency
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The Smith chart is used to visualize the input impedance of the transmission line
and antennas as a function of frequency. The Smith chart of the wideband TE antenna is
shown in Fig. 6.6, where there are three loops within the circle of constant VSWR of 2.0,
which represents less than -10dB reflection coefficients in the frequency response. These
three loops represent the three distinct frequency responses within the bandwidth of the
wideband antenna.

Fig. 6.6 The input impedance of the wideband U-slot AMC patch antenna shown in Fig. 6.1 on
the Smith chart

The radiation patterns of the antenna at the three distinct frequencies of o 3.2
GHz , 3.9 GHz and 4.6 GHz are plotted in Fig. 6.7. It is observed that the antenna
generates broadside radiation pattens up to 4.3 GHz. As the frequency increases beyond
4.3 GHz, higher order modes are excited to some extent, which create a saddle-shaped
pattern. Thus, the bandwidth for which the radiation pattern to this PMC antenna is
broadside is ~30%. This wideband AMC antenna can also be designed to be mounted on
conformal surfaces similar to the PEC antenna discussed in Chapter V.
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Fig. 6.7 Radiation patterns of the planar wideband AMC U-slot patch antenna shown in Fig. 6.1
at (a) f=3.3 GHz, (b) f=3.9 GHz and (c) f=4.6 GHz
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6.4 Summary
The U-slot technique was applied to the AMC patch antenna investigated in
Chapter III. A U-shaped slot is cut from the metal part of the patch as well as the UCPBG unit cells below it. The antenna parameters such as impedance bandwidth, gain, and
radiation patterns of the wideband PMC patch antenna were studied.

This antenna

excites the TE10 modes by an L-probe connected to the SMA connector. It shows ~41%
bandwidth, which ranges from 3.1 GHz to 4.8GHz. The radiation pattern of this antenna
remains broadside for about 30% of the bandwidth, after which it becomes a saddleshaped pattern.
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CHAPTER VII
Experimental Results
7.1 Introduction
The microstrip patch antenna designed in section 3.5 was fabricated using printed
circuit board (PCB) technology. In order to ease the process of manufacturing and
assembly, slight modifications were made in the antenna design. The antenna patch and
ground plane size was made identical, by extending the dielectric portion of the patch
layer by 10mm on each side to accommodate plastic screws and nuts to hold the patch
and ground planes together. The antenna patch and ground were separated by an air layer
of thickness 3mm. The radius of the horizontal portion of the L probe connected to the
SMA connector was increased to 0.5mm.

7.2 Fabricated and Experimental Results
The top and bottom views of the fabricated AMC antenna patch are shown in Fig.
7.1. The top view shows a metal film over the dielectric and the bottom view depicts the
3 5 matrix of unit cells. Fig. 7.2 shows the top and bottom views of the fabricated
ground plane. It consists of 64 unit cells arranged as an 8×8 matrix on the dielectric on
the top layer, along with a metal film in the bottom layer where a small circle is cut out
for the SMA connector assembly. Fig. 7.3 shows the top view of the L-probe attached to
the ground plane. Fig. 7.4 shows the entire antenna geometry connected to the E5071C
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vector network analyzer. Fig. 7.5 shows the simulated and measured frequency response
of the antenna. The resonant frequency of the simulated antenna is 4.14 GHz and that of
the fabricated antenna is 4.21 GHz, thus showing a small error of 1.6% between the
measured and simulated frequency responses. The bandwidth of the simulated frequency
response is 11.9% and that measured is 11.8%. Thus, the results of the fabricated antenna
are in good agreement with the simulated results.

Fig. 7.1 (a) Top view of the fabricated patch with a metal film. (b) Bottom view of the fabricated
patch with unit cells placed exactly below the PEC metal plate
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Fig. 7.2 (a) Top view of the fabricated ground plane with unit cells uniformly distributed across
the surface (b) Bottom view of the fabricated ground plane with a metal film

Fig. 7.3 Top view of the L-probe connected to the SMA connector that is attached to the ground
of the antenna

72

Fig. 7.4 The assembled AMC antenna under test for S11 measurement

Fig. 7.5 The simulated and measured S11 of the proposed AMC antenna excited at the TE10 mode

73

7.3 Summary
The designed PMC patch and ground planes of the antenna were fabricated using
printed circuit board technique. The L-probe was soldered to the SMA connector and the
entire antenna was assembled and tested. The frequency response of this antenna was
measured using the E5071C vector network analyzer. There is excellent agreement
between the measured and simulated S11 results. The resonant frequency of the simulated
antenna is 4.14 GHz and that of the fabricated antenna is 4.21 GHz. The bandwidth of the
simulated frequency response is 11.9% and that measured is 11.8%.

74

CHAPTER VIII
Conclusions and Future Work

A new type of microstrip antenna that excites the TE modes is developed in this
thesis. This was achieved by replacing the PEC patch and ground by an artificial
magnetic conductor. The AMC was engineered by using unipolar compact bandgap (UCPBG) unit cells. These unit cells were uniformly distributed over a thin layer of grounded
dielectric slab. The UC-PBG unit cells behave as high impedance surfaces within a
specific band and suppress the surface waves that cause interference in the radiation
pattern. They show magnetic conducting properties within the frequency bandwidth due
to which the ground and patch of this antenna behave as magnetic conductors. The
electric and magnetic field equations for a patch antenna operating at the TE10 mode were
derived using the cavity model. This cavity model was analyzed with the assumption that
the top and bottom of the cavity was made of perfect magnetic conductors and it was
bounded by perfect electric conductor walls on the sides. The model was exactly dual to
that of a PEC antenna and enabled the understanding of how a PMC antenna works. The
microstrip patch antenna with the TE10 mode was compared to the conventional patch
antenna with the TM10 mode at the same resonant frequency. The width of the designed
AMC antenna was 1.5 times less than its length (W=L/1.5), whereas that of the PEC
antenna was 1.5 times greater than its length (W=1.5L). Thus, the size of the magnetic
antenna is ~44% less than that of a PEC antenna. The antenna characteristics such as
gain, bandwidth, cross polarization, half power beamwidth, and -6dB beamwidths of the
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AMC antenna and the PEC antenna were studied with respect to ground plane size. As
the ground plane size increased from ~0.6λd to ~1.5λd, both the AMC and the PEC
antennas showed a stable frequency response where the resonating frequency and
fractional bandwidth did not show any distinct variation. The bandwidth of the AMC
antenna designed was observed to be ~3% wider than the PEC antenna. More
importantly, symmetric radiation patterns were obtained at smaller ground plane sizes in
the AMC antenna than the PEC antenna. Thus, a new antenna is realized that excites the
TE10 mode, which is smaller in size, has a wider bandwidth, and shows better cross
polarization characteristics as compared to that of a PEC antenna with the TM10 mode.
Similar to the conventional patch antennas, the designed AMC antenna displays a
narrowband characteristic which does not support the transmission of large amounts of
data. To solve this problem, wideband PEC antenna designs were first studied. A single
U-slot rectangular patch antenna operating at its fundamental TM10 mode with about 40%
bandwidth was designed. This wideband antenna was then placed on a conformal
cylindrical structure. Different parameters of this structure including arc length, radius of
the cylinder, and the substrate thickness were varied to study their effects on the antenna
properties such as gain, cross polarization, input impedance, and frequency bandwidth. It
was found that the resultant conformal patch antenna further increased the frequency
bandwidth to 53%, without degrading radiation properties of the antenna. It was also
observed that with the conformal structure, thinner substrates can be used without
compromising the frequency bandwidth. This antenna-slot technique was successfully
applied to the AMC antenna supporting the TE10 mode. This antenna had a planar
structure and showed ~41% bandwidth. The size of this wideband AMC antenna was
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~50% smaller than its PEC counterpart. In summary, both TE10 and TM10 modes of
microstrip patch antennas were investigated in this thesis.

FUTURE WORK:


Investigation of conformal wideband AMC patch antennas with the TE modes to
enable mounting it on different curved surfaces.



Phased array antennas consisting of the proposed patch antennas operating at the
TE10 mode for mutual coupling reduction for global positioning systems (GPS)
and Radars.



Study multimode patch antennas operating at the TE and TM modes.



Investigation of TE10 and TM10 patch antennas in a checker board structure to
utilize their modal orthogonally for circularly polarized waves.



Study the higher order TE patch antennas with conical radiation patterns for
monopulse radar applications.



Investigation of reconfigurable microstrip patch antennas with TE and TM modes
with liquid crystals as substrates.
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